15 During nervous system development, neurons and their progenitors migrate to their final 16 destinations. In Caenorhabditis elegans, the bilateral Q neuroblasts and their descendants 17 migrate long distances in opposite directions, despite being born in the same posterior 18 region. QR on the right migrates anteriorly and generates the AQR neuron positioned 19 near the head, and QL on the left migrates posteriorly, giving rise to the PQR neuron 20 positioned near the tail. In a screen for genes required for AQR and PQR migration, we 21 identified an allele of nfm-1, which encodes a molecule similar to vertebrate NF2/Merlin, 22 an important tumor suppressor in humans. Mutations in NF2 lead to Neurofibromatosis 23 Type II, characterized by benign tumors of glial tissues. These molecules contain Four-24 point-one Ezrin Radixin Moesin (FERM) domains characteristic of cytoskeletal-25 membrane linkers, and vertebrate NF2 is required for epidermal integrity. Vertebrate NF2 26 can also regulate several transcriptional pathways including the Hippo pathway. Here we 27
Introduction 34
A critical process in nervous system development is the directed migration of 35 neurons to precise destinations. Directed migration is a complex process that requires 36 integration of extracellular cues into cytoskeletal changes which guide the cell to a 37 specific location. In C. elegans the Q neuroblasts are an established system to study which appears to not be involved in initial migration (JOSEPHSON et al. 2016) , and by the 59 transmembrane receptor MIG-13 in parallel with SDN-1/Syndecan (WANG et al. 2013; 60 SUNDARARAJAN et al. 2015) . 61
To identify additional molecules that regulate Q migrations, a forward genetic 62 screen for mutations affecting AQR and PQR migration was previously performed. Here 63
we report that this screen identified an allele of nfm-1, which encodes a C. elegans 64 Neurofibromatosis Type II (NF2)/Merlin molecule. NF2 acts as a tumor suppressor in 65 humans, and mutations in the gene lead to development of neurofibromatosis type II 66 (GUSELLA et al. 1996; GUTMANN et al. 1997 guidance cues such as Slit cause cytoskeletal changes that result in directed migration of 89 cells and axonal growth cones, most typically repulsion. We show that slt-1 mutations 90 enhance AQR migration defects of nfm-1 mutations, and that sax-3 mutants display 91 defects in AQR and PQR migration. These results are consistent with a model in which 92 NFM-1 regulates AQR and PQR migration by controlling the production of an 93 extracellular cue, either SLT-1 itself or an unidentified cue that acts in parallel to SLT-1.
Materials and Methods 95
Nematode Strains and genetics 96 C. elegans were grown under standard conditions at 20°C on Nematode Growth Media 97 (NGM) plates (SULSTON AND BRENNER 1974). N2 Bristol was the wild-type strain. 98
Alleles used include LG III: nfm-1(ok754), nfm-1(lq132), LG X: sax-3(ky123), slt-99 1(ok255), slt-1(eh15). Standard gonadal injection was used to create the following 100 Figure 2A ) (GTATGTGT to ATATGTGT). We scored AQR and PQR migration in the 162 nfm-1(ok754) mutant generated by the C. elegans gene knock-out consortium. nfm-163 1(ok754) is an in-frame 1042-bp deletion with breakpoints in exons 3 and 7 that removes 164 all of exons 4, 5, and 6 ( Figure 2A and B). nfm-1(ok754) homozygotes arrested as larvae, 165 but we were able to score AQR and PQR position in arrested larvae. nfm-1(ok754) had 166 strong AQR defects, with 88% of AQR failing to migrate to the head, and occasional 167 (1%) posterior AQR migration ( Figure 2C and E). nfm-1(ok754) also had significant 168 PQR defects, with 15% of PQR failing to migrate into the wild-type position 5 posterior 169 to the anus ( Figure 2F ). An nfm-1::gfp fosmid transgene rescued AQR and PQR defects 170 of both lq132 and ok754, indicating that mutations in nfm-1 were causative for the 171 migration deficiencies of lq132 and ok754 (Figure 2E and Pgcy-32::yfp (Figure 4.3) . Non-mosaic nfm-1(ok754) animals that harbored the nfm-192 1(+) array were viable, fertile, and were rescued for AQR and PQR migration ( Figure 2E  193 and F). We analyzed 89 mosaic animals in which the nfm-1(+) array was lost from the 194 AQR lineage, but retained in PQR and URX lineages as shown in Figure 3 . These 195 animals were rescued for AQR migration defects despite loss of nfm-1(+) in AQR, 196 suggesting that nfm-1 is required non-autonomously for anterior AQR migration (Figures 3B and C and 4A). Similarly, PQR migration defects were still rescued in 75 mosaic 198 animals in which PQR that had lost the nfm-1(+) array ( Figure 4B ). Animals mosaic for 199 nfm-1(+) in AQR or PQR rescued nfm-1(ok754) defects to a similar level as non-mosaics 200 (nfm-1(+) in AQR and PQR) ( Figure 4A and B) . In sum, this mosaic analysis indicates 201 that nfm-1 function was not required in AQR and PQR for their proper migration, and 202 that nfm-1 might act non-autonomously in this process. 203
Using this method, it was impossible to determine which tissues require nfm-1. 204
Based on cell lineages ( Figure 3A ), presence of nfm-1(+) array in URX and either AQR 205 or PQR suggests it is present broadly in AB-derived lineages. P lineages were not 206 assayed in this study, but mosaic nfm-1(ok754) animals, which normally arrest as sterile 207 larvae, grew to viable and fertile adults, again suggesting broad nfm-1 distribution in the 208 mosaics, possibly including P-derived germ line and gonad lineages. It is possible that 209 perdurance of NFM-1 protein, or array loss in the Q lineages themselves led to nfm-1 210 function in the Q lineages despite loss in AQR or PQR. To account for these rare but 211 possible events, we scored at least 70 mosaic animals. Overall, mosaic analysis suggests 212 that nfm-1 acts non-autonomously in AQR and PQR migration, as loss of the rescuing 213 array in AQR or PQR did not correlate with mutant phenotype. 214 nfm-1(lq132) and nfm-1(ok754) (Figure 7) . slt-1 had no effect on PQR migration in 241 double mutants. We tested the SLT-1 receptor SAX-3/Robo, and sax-3(ky123) mutants 242 showed weak but significant defects in both AQR and PQR migration, consistent with 243 SAX-3 promoting migration of the Q lineages (Figure 7) . 244
Discussion

247
The Here we present data identifying a non-autonomous role for the FERM domain-259 containing molecule NFM-1 in promoting Q migration. NFM-1 is similar to human 260 NF2/Merlin, the molecule affected in Neurofibromatosis type II. We found that mutations 261 in nfm-1 resulted in severe AQR migration defects, and to a lesser extent PQR migration 262 defects. These defects typically manifested as incomplete migrations, suggesting that 263 these nfm-1 mutations did not affect direction of migration along the anterior/posterior 264 axis, but rather the migratory capacity of these cells. slt-1 mutants alone, they did enhance AQR migration defects of nfm-1(lq132) and nfm-306 1(ok754). This enhancement is consistent with NFM-1 and SLT-1 acting in parallel 307 pathways, but since we do not know the null phenotype of NFM-1 with regard to AQR 308 and PQR, the possibility that they act in the same pathway cannot be excluded. 309
Interestingly no enhancement of nfm-1 PQR migration defects was seen in slt-1; 310 nfm-1 double mutants. This suggests that slt-1 and nfm-1 interact in AQR migration but 311 not PQR migration. This is of note because nfm-1 is expressed in posterior tissues where 312 PQR migrates, and away from which AQR migrates. sax-3/Robo mutants displayed both 313 AQR and PQR migration defects. Possibly, SAX-3/Robo acts with SLT-1 in AQR 314 migration, and with an unidentified ligand in PQR migration. In mice, midline axon 315 defects are due to excess Slit2 expression in NF2 mutants. The phenotypic enhancement 316 that we observe between slt-1 and nfm-1 suggests that these molecules are both required 317 for AQR migration. Further studies of the interaction between nfm-1 and slt-1 will be 318 required to understand the role of these molecules in AQR migration. 319
Our results, combined with those in vertebrates, are consistent with the idea that 320 NFM-1 promotes the production of a signal or signals that regulate AQR and PQR 321 migration. This could be SLT-1 itself, such as in vertebrates, or a molecule that acts in 322 parallel to SLT-1. The slt-1 expression pattern is dynamic throughout development, but 323 slt-1 is expressed in posterior cells including body wall muscles and the anal sphincter 324 muscle (HAO et al. 2001 ). Whether nfm-1 can control pathways that regulate transcription 325 as it does in vertebrates, or maintains epidermal integrity to control migration, is unclear, 326 but our studies suggest that NFM-1 interacts with cues that guide AQR and PQR 327 migrations.
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